The (n,γ ) cross section of 96 Zr has been investigated at the CERN n TOF spallation neutron source. Highresolution time-of-flight measurements using an enriched 
I. INTRODUCTION
The origin of the elemental abundances from iron to uranium can be almost completely assigned to neutron capture reactions in two main stellar scenarios, each being responsible for the production of about one half of the abundances in the mass region A 56.
Explosive nucleosynthesis related to supernovae or neutron star mergers is characterized by complex reaction networks involving short-lived and very neutron rich nuclei. Because of the extremely high temperatures (T > 10 9 K) and neutron densities ( 10 20 cm −3 ) the time scale for neutron capture is of the order of milliseconds. Accordingly, this process is known as the rapid neutron capture process or r-process [1] .
The advanced burning phases of stellar evolution are series of neutron capture nucleosynthesis by slow neutron captures, the s-process. The s-process operates in thermally pulsing low-mass asymptotic giant branch (AGB) stars (main component, i.e., from Sr to Pb) [2] or during core He and shell C burning in massive stars (weak component, i.e., from Fe to Sr) [3] . During s-process conditions, temperatures are ≈(1-9) × 10 8 K and neutron densities can vary between ≈10 6 and 10 13 cm −3 . Because typical neutron capture times are much larger than the average half-lives of β-unstable nuclei, the reaction path of the s-process follows the valley of stability by a sequence of neutron captures and β decays once an unstable isotope is encountered. Exceptions to this simple scheme occur at so-called branching points, unstable isotopes with half-lives comparable to the respective neutron capture time.
Situated at and near magic neutron number N = 50, the zirconium isotopes take a particular position on the s-process path, just at the border between the weak and main components, which dominate the s-abundances between Fe and Y on the one hand and from Zr up to the Pb/Bi region on the other hand. Because of their magic or near-magic neutron configurations all Zr isotopes exhibit relatively small (n,γ ) cross sections and, in turn, comparably high s abundances. This holds especially for the neutron magic nucleus 90 Zr, but also for the stable isotopes 91 Zr, 92 Zr, and 94 Zr, which are all predominantly of s-process origin.
As far as the unstable isotopes 93 Zr and 95 Zr are concerned the first one can be considered as stable on the time scale of the s-process because of its long half-life of 1.5 Myr. The corresponding s abundance of 93 Zr decays only later to provide the s component of the daughter 93 Nb, which itself lies outside the s path. In contrast, 95 Zr represents a true branching point, where the reaction flow splits due to the competition between (n,γ ) reactions and β decays. The * Corresponding author: giuseppe.tagliente@ba.infn.it † www.cern.ch/ntof comparably short half-life of 95 Zr (t 1/2 = 64 d) prevents a large part of the reaction flow from reaching 96 Zr. Therefore, 96 Zr is traditionally considered as an r-process product with a small s-process admixture [4, 5] , given that it may be fed by the s-process only at neutron densities in excess of 3 × 10 8 cm −3 . To some extent, the s production of 96 Zr is favored, however, by its low neutron capture cross section, which, therefore, plays a key role in the analysis of the branching at A = 95.
In general, s-process branchings represent unique possibilities for constraining the physical conditions in the He burning zone near the stellar core [2, 6, 7] . The 95 Zr branching is sensitive to the conditions prevailing in thermally pulsing low-mass AGB stars, where 96 Zr is depleted between He shell flashes as a result of the low neutron density produced by the 13 C neutron source and replenished during the high neutron densities produced by 22 Ne(α, n) reactions during the He shell flashes. Thus, the s abundance for 96 Zr can be interpreted as an indicator for the efficiency of the 22 Ne neutron source. Important constraints on nucleosynthesis can be obtained by the study of circumstellar dust grains recovered from meteorites [8] . In fact, the isotopic pattern of Zr observed in presolar grains [9] and particularly the relative abundances of 94 Zr and 96 Zr in silicon carbide (SiC) grains, which originate from AGB stars, provide information on the sprocess efficiency in the parent stars.
Additional information derives from spectroscopic measurements on AGB stars, which are cool enough for ZrO to form in the atmosphere. The 94 Zr/ 96 Zr ratios obtained from analysis of the molecular bands indicate rather low 96 Zr abundances, although these stars exhibit clear s-process enhancements otherwise [10] .
Precise knowledge of the 96 Zr(n,γ ) cross section is mandatory for obtaining the 96 Zr/ 94 Zr ratio with the accuracy required for reliable analyses of 95 Zr branching. Moreover, it contributes also to an improved cross-section systematics and to the definition of the s-process path in a mass region where many cross-section data are still missing or uncertain [11, 12] .
Experimental data on resonance parameters in the energy range up to 40 keV have been reported in time-of-flight (TOF) measurements [13] [14] [15] [16] . However, even the most recent data exhibit rather large uncertainties of 10 to 30% for the extracted capture kernels [14] . More accurate results have been reported from activation measurements in a quasistellar spectrum, which provided spectrum-averaged cross sections around 25 keV with uncertainties of 4.7 and 8.3% [17, 18] , much smaller than the discrepancies with respect to the TOF results.
In view of this situation an accurate measurement of the neutron capture cross section of 96 Zr has been carried out by the n TOF Collaboration at CERN. The measurement and data analysis are described in Secs. II and III. Section IV deals with the resonance analysis. The results and their implications for stellar nucleosynthesis are discussed in Sec. V.
II. EXPERIMENTAL SETUP
The measurement was performed at the CERN n TOF facility [19, 20] , where neutrons are produced by spallation reactions in a massive lead block by a 20 GeV/c pulsed proton beam. With the high beam energy, which yields 300 neutrons per proton, and an intensity of 7 × 10 12 protons per pulse, a neutron flux of 10 5 neutrons/cm 2 /pulse is obtained at the sample position 185 m from the target. The fast spallation neutrons are moderated in the 5.8-cm-thick layer of cooling water around the lead target, resulting in a wide neutron spectrum from thermal up to 250 MeV with a nearly constant isolethargic flux [ (E) ∝ 1/E] between 1 eV and 1 MeV. Due to the pulse width of 6 ns the resolution in neutron energy is better than 0.2% in the range of the present measurement, i.e., below 40 keV.
The experimental area is connected with the spallation target by an evacuated beam line. Background from the target is suppressed by heavy concrete walls and a massive iron shielding 3.5 m in thickness. Charged particles are removed from the neutron beam by a 1.5-T sweeping magnet. The neutron beam is shaped by two collimators at 135 and 175 m distance from the target.
The neutron flux was accurately determined relative to the 235 U(n,f ) cross section by means of a calibrated fission chamber from PTB Braunschweig [20] . During the measurement, the flux was recorded by a low-mass neutron monitor located 1.5 m upstream of the capture samples, consisting of a Mylar foil 1.5 μm in thickness with a layer of 200 μg/cm 2 of 6 Li. The ejectiles from the 6 Li(n, α) 3 H reaction were recorded by four Si detectors surrounding the sample outside the neutron beam [21] .
A pair of C 6 D 6 liquid scintillator cells was used to detect the prompt γ -ray cascades following neutron capture events. The detectors were designed for accurate measurements of resonance-dominated (n,γ ) cross sections [22] . Possible background sources were minimized by reducing the detector mass to a thin carbon fiber cell, which is directly glued onto an EMI-9823QKB photomultiplier tube. The main constituents of the scintillator and of the detector, i.e., deuterium, C, O, and Si, were chosen for their very small (n,γ ) cross sections. For the same reason, the sample changer was made from carbon fiber as well. The low neutron sensitivity obtained in this way is important in view of the large scattering-to-capture cross section ratio of 96 Zr. The detectors were mounted perpendicular to the neutron beam at a distance of about 3 cm from the axis. Background due to in-beam γ rays, produced by neutron capture in the spallation target and predominantly in the water moderator, was reduced by placing the detectors 9.2 cm upstream of the sample position.
The light output of the detectors was calibrated at 662, 1173, and 1332 keV with 137 Cs and 60 Co reference sources. An additional calibration point at 6.13 MeV was obtained by means of a composite 238 Pu/ 13 C source. The calibrations were repeated in regular intervals to verify the stability of the detectors and of the data acquisition system. The data acquisition system was based on fast digitizers operating at 500 MS million samples/s, corresponding to time steps of 2 ns. Each neutron burst could be registered for 16 ms by means of the 8-MB on-board memory of the digitizers. The signals were stored for off-line analysis of the deposited γ -ray energy and the respective TOF [23] . The TOF information was converted to neutron energy by means of the calibration described in Ref. [24] . The 96 Zr sample was prepared from ZrO 2 powder with an enrichment of 58.5%. The powder was pressed to a pellet 22 mm in diameter, 1.3 mm in thickness, and 3.398 g in mass.
The pellet was canned in an aluminum capsule with 0.1-mmthick walls and a mass of about 300 mg. The sample contained impurities of Hf, Sn, Na, Mg, and Al. Although the impurities contributed less than 0.01% to the total weight, various of the observed resonances in the TOF spectra had to be assigned to other Zr isotopes and to the impurities, in particular to Hf and Sn. This background contribution was carefully taken into account in data analysis.
In addition to 96 Zr, Au and Pb samples were used for monitoring the neutron flux and for background determination. All samples were 22 mm in diameter. The composition of the Zr sample is summarized in Table I .
III. DETERMINATION OF CAPTURE YIELDS
The neutron capture yield, which is defined as the fraction of incident neutrons undergoing (n,γ ) reactions in the sample, is the experimental quantity for the resonance analysis described in Sec. IV.
Neutron capture reactions are characterized by the prompt γ -ray cascade emitted from the compound nucleus. In order to detect capture events independently of the cascade multiplicity, the intrinsic efficiency of C 6 D 6 detectors has to be corrected by the pulse height weighting technique (PHWT) [25] [26] [27] . The PHWT represents an a posteriori manipulation of the detector response to ensure that the detector efficiency increases linearly with γ -ray energy. Then, the efficiency for capture cascades becomes proportional to the total released γ energy. To obtain the required linearity with γ -ray energy, each detector signal is multiplied with a weighting function (WF), a parametrized polynomial function of E γ . Provided that the weighting function is properly determined, it has been demonstrated by a detailed study of the possible systematic uncertainties that an accuracy of 2% can be achieved with the PHWT [27] .
Given the low neutron capture cross section of 96 Zr, the characterization of all possible backgrounds is of primary importance for this measurement. Different background components were identified from capture of sample-scattered neutrons in the detectors or in surrounding materials, from capture events in the aluminum can of the Zr sample, from 055802-3 the ambient background in the experimental area, and mainly from in-beam γ rays produced in the spallation target. The evaluation of these backgrounds has been discussed in detail elsewhere [28] .
Finally, the measured yield has been normalized by means of the saturated resonance technique [29] , using the 4.9-eV resonance of 197 Au in the TOF spectrum of the 0.1-mm-thick Au sample. This absolute yield is directly linked to the capture and total cross sections and has been subject to an R-matrix analysis, using the SAMMY code in the ReichMoore approximation [30] , to extract the individual resonance parameters.
IV. RESONANCE ANALYSES
The analysis was restricted to the energy range below 40 keV because of the limited counting statistics of the capture data at higher energies. The observed resonances were classified according to the composition of the sample, given the isotopic impurities and the specified contaminants. Except for a proposed new resonance at 35.88 keV, 14 of the 15 identified 96 Zr resonances were already listed in Refs. [13, 14] . However, a resonance at 870 eV reported in a transmission measurement [31] and in the compilation of Ref. [32] was not observed.
Corrections for the energy resolution of the neutron beam, for the Doppler broadening of resonance widths, for isotopic and chemical sample impurities, and for self-shielding and neutron multiple scattering are considered in the fits with the SAMMY code. The effect of potential scattering was calculated using a nuclear radius of 6.8 fm [32] .
The capture kernel of a resonance
is defined by the neutron and capture widths, n and γ , and the statistical spin factor
, which is determined by the resonance spin, J , the spin of the incident neutron, I n = 1/2, and the spin of the target nucleus,
For the resonances under study, the neutron width n is always much bigger than the radiative width γ (with the exception of the first resonance at 301 eV). Because the capture kernels are therefore not sensitive to n , the statistical spin factor and n were kept fixed in the SAMMY fits, using the values from previous Zr analyses [33] [34] [35] [36] [37] and from the transmission measurement of Ref. [13] . The deduced resonance energies E R , radiative widths γ , and capture kernels K are listed in Table II together with the adopted g n values.
Examples illustrating the quality of the SAMMY fits are shown in Fig. 1 .
Particular interest resides in the first resonance at 301 eV, which was well studied in the past [13, 14, 38, 39] . The capture kernel values for this resonance are compared in Table III . The present value is in good agreement with those from Coceva et al. [13] and Brusegan et al. [14] and with the one from Salah et al. [38] , but it disagrees with the value of Leinweber et al. [39] , indicating that the γ data obtained in that experiment are probably too low, as already noted in Ref. [32] .
As a consequence of the relatively small neutron capture cross section of 96 Zr, the limited counting statistics contribute substantially to the overall experimental uncertainty. Because of the decreasing signal/background ratio, statistical uncertainties per resonance are increasing with neutron energy from ≈3% at 300 eV to ≈6% at 40 keV. Systematic uncertainties arise from the energy dependence of the neutron flux and from the fraction of the neutron beam covered by the sample. For the latter contributions an uncertainty of 2% was determined by means of the saturated resonance technique using the 4.9-eV resonance of 197 Au. The application of the PHWT adds another systematic uncertainty of 2%, as discussed in Ref. [27] .
The present results can be compared with data from a measurement at the electron linear accelerator at IRMM Geel, which were obtained more than 30 years ago with fluorocarbon C 6 F 6 scintillators [14] . These data represent the only complete set of resonance parameters in the energy range below 40 keV. On average, the present results for γ are 25% lower than the values given in Ref. [14] , as illustrated in Fig. 2(a) . Because n γ the same picture is observed in the comparison of the capture kernels in Fig. 2(b) .
The likely reason for these systematic differences could be that the neutron sensitivity had been underestimated in Ref. [14] . In this respect, the low neutron-induced background obtained with the optimized experimental setup and with the extremely small duty factor of the n TOF facility represents a substantial improvement in measurements of small capture cross sections as in the case of 96 Zr.
FIG. 2.
Ratio between γ values (a) and capture kernels (b) obtained in this work (tw) and the results reported in Ref. [14] . The average ratios are indicated by dashed-dotted lines.
V. ASTROPHYSICAL IMPLICATIONS

A. Maxwellian average cross sections
The abundances produced in the s-process in thermally pulsing low-mass AGB stars can be quantitatively described provided that the stellar (n,γ ) cross sections of the involved isotopes are reliably known. The respective Maxwellian averaged cross sections (MACS) [11] can be calculated by folding the experimental values for σ (E n ) with the thermal stellar neutron spectra characteristic of the s-process site. The temperatures during the He-shell-burning episodes in AGB stars are 90 and 250 MK, corresponding to effective thermal energies of kT = 8 and 23 keV [48] . Accordingly, the energy-differential cross section is required in an energy range from about 300 eV to roughly 200 keV. (This range could extend up to 500 keV for the highest temperatures during shell C burning in massive stars, which is relevant for the mass region between Fe and Sr, but contributes only a minute fraction to the Zr abundances.)
In view of the restricted energy range covered in this work, the present experimental data have to be complemented for the neutron energy range above 40 keV. The evaluated data set from the very recently released JENDL-4.0 library [40] was chosen for that purpose.
The contribution of the present results to the MACS values is illustrated for different thermal energies in Fig. 3(a) , which shows the fraction of the MACS that is obtained if the integration is limited to neutron energies below 40 keV relative to the total MACS. One finds that practically 100% of the MACS at kT = 8 keV is determined by the resonances in the investigated energy range, and 85% are still covered at the higher thermal energy of kT = 23 keV reached during He shell flashes. At the thermal value of kT = 30 keV, which is traditionally used for the comparison of MACS results, this fraction is 75%. The total MACS values were obtained by complementing the measured data above the present upper limit of 40 keV with the evaluated cross section from the JENDL-4.0 library [40] , normalized by a factor of 0.78 to match the present results.
In Fig. 3(b) the MACS values obtained in that way are compared to the respective values if only the evaluated cross section in the JENDL library [40] had been used. The fact that the slope of the present data set confirms the energy dependence of the JENDL evaluation justifies the choice of this data library to complement our data above 40 keV.
The MACS values for a thermal energy of kT = 30 keV are summarized in Table IV . Apart from theoretical data [41] [42] [43] [44] , evaluated cross sections [40, 45] , and the rather uncertain data based on older experiments [15, 16] , the present result is distinctly smaller than the one obtained in the activation measurement of Ref. [17] . This difference may well be due to the contribution of the direct radiative capture (DRC) channel, which varies smoothly with neutron energy, and is, therefore, not covered by the resonance analysis.
The DRC component in the reaction process has been calculated using the two-body potential model with boundstate wave functions determined by a Woods-Saxon mean-field potential with fixed well-depth parameters to reproduce the experimental binding energy B n ( Table V) .
With that model, the DRC cross section was obtained by determining the overlap integral of the bound-state wave functions with the continuum wave functions. The latter were derived from the scattering matrix elements (phase shifts) for a mean-field potential with the same geometrical parameters. The available values for the scattering length a coh = 5.44 ± 0.1 [46] and 7.1 ± 0.2 fm [47] correspond to a range of mean-field potentials, V 0 , which yield a DRC component compatible with the difference in the MACS data from the present TOF analysis and the activation measurement of Ref. [17] . Because its shape is well defined, we normalized the DRC component to reproduce the MACS of 11.6 ± 0.4 mb measured by activation and obtained a DRC contribution of 1.1 mb at kT = 25 keV. However, this approach was found to provide viable solutions only in the energy range below about 100 keV, i.e., for thermal energies below kT = 25 keV. At higher energies, the DRC results are becoming increasingly sensitive to the choice of V 0 , which leads also to large uncertainties in the DRC contributions. This situation is reflected in Table VI , where the MACS values derived from the present resonance analysis (complemented by the evaluated cross sections above 40 keV from the JENDL-4.0 library) are listed together with the normalized DRC components. Above kT = 25 keV, the DRC values and the corresponding total MACS data are given in parentheses to indicate this uncertainty.
Fortunately, the correction works in the entire range of thermal energies of relevance for the s-process in low-mass AGB stars, which contribute the major s component of 96 Zr. In this temperature regime there is very good agreement with the recommended MACS data in the compilation of Ref. [12] , as shown in Table VI . For thermal energies above 50 keV, however, the present data are increasingly larger than those in Ref. [12] .
B. The s-process branching at 95 Zr
In general, the stellar production of 96 Zr in low-mass AGB stars as well as in massive stars is hampered because the halflife of 95 Zr (t 1/2 = 64 d) is much shorter than the respective neutron capture times. Therefore, the reaction chain of the s-process is mostly determined by the β decay rate, and 96 Zr is fed only by a weak branch of the reaction flow.
The analysis of this branching is complicated for several reasons. From the s-process point of view, 96 Zr lies at the border between the weak and main s components, which are associated with massive stars and low-mass AGB stars, respectively. These sites are characterized by different temperature and neutron density regimes. While the weak component is not expected to contribute significantly to the abundance of 96 Zr [49, 50] , the main component depends critically on the strength of the 95 Zr branching. The fact that the MACS for 96 Zr was confirmed by the present results implies that the destruction rate is well described in s-process calculations, in contrast with its rate for production via 95 Zr(n,γ ) reactions. Because there are no experimental data to determine the MACS of 95 Zr, theoretical predictions with the Hauser-Feshbach (HF) statistical model have to be used. However, such predictions are uncertain in cases where the level density of the compound system is low, i.e., for neutron-rich isotopes and in the vicinity of magic neutron numbers. Because both criteria apply to 95 Zr, the recommended MACS in Ref. [12] is given with a semiempirical correction of the HF calculation.
Based on this value, the detailed s-process model for lowmass AGB stars used in Ref. [6] yields an s contribution of 55% for the observed 96 Zr abundance. This value turned out to be in sharp contrast to the isotopic abundance patterns of ZrO in the envelopes of cool AGB stars, which were observed via optical lines in molecular bands [10] , as well as with the isotope ratios in presolar silicon carbide grains, which also show very small 96 Zr components [51, 52] . This deficit in 96 Zr could be explained by recent nucleosynthesis studies of Travaglio et al. [53] , who found that most of the 96 Zr could have been produced by the p-process in explosively burning Ne/O layers of type Ia supernovae.
With these indications, only a small fraction of 96 Zr can actually be attributed to the s-process. In turn, this means that the MACS of 95 Zr has presumably been overestimated in Ref. [12] . Therefore, a satisfactory analysis of the branching at A = 95 has to await the improvement of the 95 Zr(n,γ ) cross section, possibly by an updated MACS systematics using recent cross sections for the stable Zr isotopes [33] [34] [35] [36] [37] , or-on the long run-by a direct experimental determination of the 95 Zr cross section itself.
With respect to the branching problem, it should also be noted that the solar Zr abundance has recently been reduced by ≈6% [54] compared to a previous compilation [55] that had been used in earlier s-process studies [6] .
VI. CONCLUSIONS
The (n,γ ) cross section of 96 Zr has been measured with improved accuracy in the neutron energy range up to 40 keV by taking advantage of the unique features of the n TOF facility at CERN. Resonance parameters were determined for 15 resonances. The capture kernels of these resonances were found to be significantly smaller than reported in previous TOF measurements. This might be the consequence of improvements concerning the experimental setup and the data analysis package. For thermal energies below kT = 30 keV, the Maxwellian averaged cross sections calculated from the present data exhibit uncertainties of 5 to 7%, but they are smaller than obtained in activation measurements of comparable accuracy. This difference is ascribed to a contribution of the DRC channel, which is not included in the resonance analysis of TOF data measured with C 6 D 6 scintillation detectors.
The present result provides important information for investigating the s-process branching at 95 Zr, because it yields the destruction rate of 96 Zr under neutron irradiation in the s-process. To resolve existing differences in observed Zr isotope ratios in cool giants and presolar SiC grains, reliable information is also needed for the production rate, i.e., the stellar (n,γ ) cross section of the unstable branch point isotope 95 Zr.
